Purpose: There is uncertainty regarding the optimal strategy for identifying mutation carriers among those with hereditary nonpolyposis colorectal cancer (HNPCC). Methods: We used decision analysis to compare the costeffectiveness of 4 strategies among those with newly diagnosed colon cancer: (1) clinical and family history followed by microsatellite instability testing and germline testing (Bethesda guidelines); (2) universal microsatellite instability testing; (3) germline testing of those who meet clinical and family history criteria; and (4) 
Hereditary nonpolyposis colorectal cancer (HNPCC) is an autosomal-dominant inherited cancer susceptibility syndrome characterized by inherited mutations in one of the DNA mismatch repair (MMR) genes, and may account for approximately 2% of annual incident cases of colorectal cancer in the United States. [1] [2] [3] [4] [5] [6] A recent study suggests that regular colonoscopic screening of carriers, combined with early removal of benign and malignant tumors, reduces cancer morbidity and mortality. 7 Although tumors from HNPCC mutation carriers have the characteristic phenotype of high levels of microsatellite instability (MSI), identifying those who should undergo HNPCC mutation testing is problematic because there are no overt symptoms or signs before the onset of colorectal cancer.
In this article, we estimate the clinical and economic tradeoffs associated with different strategies for detecting persons with HNPCC when a patient with recently diagnosed colorectal cancer is the starting point. Several approaches begin with newly diagnosed colorectal cancer patients who have pedigrees or other clinical characteristics that are suggestive of HNPCC. 5, 8, 9 One of these, known as the Bethesda guidelines (Table 1) , appears to be highly cost-effectiveness if it can be implemented as recommended. 10 Nevertheless, patients' reporting of cancer family histories is often inaccurate, [11] [12] [13] and may be even more problematic in the future as wider use of colorectal cancer screening (along with excision of adenomatous polyps) reduces the rate of clinically detected cancers. As a result, others propose universal MSI or DNA analysis of persons with newly diagnosed colorectal cancers. 14 -16 These strategies would improve the sensitivity and specificity of screening, but universal tumor phenotype testing or germline testing would be initially costly compared to screening using personal and family cancer history. For example, routinely assaying all new colorectal tumors for MSI would cost the U.S. health care system more than $20 million annually; counseling and gene sequencing individuals for MMR mutations would cost more than $3.8 billion annually.
To address these issues, we designed a decision model to evaluate the clinical and economic implications of alternative strategies for identifying HNPCC carriers among individuals with newly diagnosed colorectal cancer.
METHODS

Overview
The decision model was developed to evaluate the cost-effectiveness of alternative case-finding methods for detecting HNPCC mutation carriers among persons with newly diagnosed colorectal cancer. The analysis includes direct medical care costs, nonmedical costs related to care (e.g., patient transportation costs), and health benefits (years of life saved) that accrue to individuals who are affected by testing. colorectal cancers (Fig. 1) . Strategy 1 (Bethesda guidelines) involves MSI testing for those who meet clinical and family history, followed by mutation analysis for those with MSI high tumors. Strategy 2 (MSI all) involves MSI testing of all individuals, regardless of family or personal history. For Strategies 1 and 2, MSI-high individuals are then offered DNA testing for MMR mutations. Strategy 3 (DNA analysis for Bethesda clinical (ϩ)) involves MMR mutation testing for all of those who meet the clinical and family history outlined for the Bethesda guidelines (i.e., MSI testing is bypassed). Strategy 4 (MMR all) involves MMR mutation testing of all individuals, regardless of personal or family history.
Clinical management
Those who do not meet personal, family history, or tumor criteria for MSI or MMR mutation testing (Strategies 1 or 3), are MSI-low (Strategy 1 or 2), or have DNA tests that are definitively negative (all 4 strategies) receive standard postcolorectal cancer care and surveillance. 17 Those found to have an HNPCC mutation are offered subtotal colectomy. 17 Those who refuse subtotal colectomy (25% in the base case) receive lifelong surveillance with regular colonoscopy. 17 Those with indeterminate DNA evaluations also receive lifelong surveillance with colonoscopy. 18 Siblings and children of those who are identified as mutation carriers and those with indeterminate results are contacted and offered testing. Those who are found to have mutations are offered lifelong colonoscopy surveillance. Carriers who develop colorectal cancer are offered subtotal colectomy.
Data sources and assumptions
The appendix contains a complete list of assumptions and data sources for the model. We highlight several assumptions here. The distribution of ages and stages of sporadic colorectal cancer cases at colorectal cancer diagnosis is based on data from the National Cancer Institute's Surveillance, Epidemiology and End Results (SEER) cancer registry. 19 We assume a 2% prevalence of HNPCC mutation carriers among newly diagnosed colorectal cancer patients. 3, 20 The age and stage distri- The sensitivity and specificity of MSI testing (91% and 93%, respectively) is based on the current recommendation that a minimum of 4 markers are used, with instability defined as alterations in at least 2 of the 4 markers. 21 The sensitivity and specificity for hMSH2 and hMLH1 assays are 87% and 99.5%, respectively (also accounting for the likelihood of inconclusive tests). 22 Survival for individuals with colorectal cancer not due to HNPCC is based on the SEER registry, 19 adjusted to account for the higher colon cancer-specific survival observed for HNPCC carriers compared with sporadic colorectal cancers. [23] [24] [25] Mortality risks include those associated with endoscopic surveillance, total colectomy, and partial resection. 26 -33 We incorporate evidence that probands and first degree relatives are likely to have imperfect adherence to recommendations regarding genetic testing. 34 -36 Based on expert opinion, it is assumed that 75% of HNPCC mutation carriers with localized disease who are informed of their gene status will elect to have a total colectomy. Those who refuse and unaffected carriers receive regular surveillance with colonoscopy. Regular colonoscopy surveillance of mutation carriers has been shown to confer a survival benefit. 7 MSI assays and genetic testing and counseling costs were based on national surveys. 37 Lifetime costs related to colorectal cancer treatment and the cost of prophylactic colectomy are based on published estimates using the SEER-Medicare database. 38 -40 Future costs are discounted at 3% per annum in the base case.
Sensitivity analysis
To address uncertainty in the data that was used to inform our model, we performed 2 types of uncertainty analysis: (1) one-way sensitivity analysis, where each parameter is tested over a range of values while holding all other parameters at their base-case values; (2) multiway sensitivity analysis, where parameters are sampled from distributions over their ranges and all parameters are changed simultaneously. Ranges for each parameter were based on 95% confidence intervals if available from the source data, or by expert opinion if no range data were available.
The multiway probabilistic sensitivity analysis was performed by creating probability density functions for each of the top 15 most sensitive parameters identified in the one-way analysis then randomly drawing observations from those distributions and rerunning the simulation, resampling the parameters each time until the result space did not change significantly with additional simulations (typically 1000 -5000 simulations). This allowed 90% confidence intervals to be tabulated for each cost-effectivenessness ratio.
The decision model used for the analysis was implemented using Microsoft Excel (Microsoft Corporation, Redmond, Washington) and @RISK 4.0 Pro (Palisade Corporation, Newfield, New York).
RESULTS
Clinical endpoints
Base case: Bethesda guidelines
Compared to no screening, the Bethesda guidelines strategy (Strategy 1) would identify 23,417 individuals out of 148,300 persons with newly diagnosed colorectal cancer who would be eligible for MSI tumor testing (Table 2) . After MSI analysis, 2,810 probands would be eligible for DNA testing. Based on DNA results, 667 probands would be offered prophylactic colectomies. Based on the estimated benefits of colectomy and increased surveillance (for those refusing colectomy) in mutation carriers, implementing the Bethesda guidelines would add 833 years of life (undiscounted) to those with newly diagnosed colorectal cancers.
When siblings and children are considered along with probands, this increases the number of mutation carriers identified and greatly improves the clinical impact of screening. A total of 752 surviving siblings and children of the probands would be eligible for genetic counseling and testing. Accounting for the likelihood of contacting these relatives and their expected rate of testing uptake, 207 siblings and children would be identified as mutation carriers. Regular surveillance of these individuals, followed by subtotal colectomy for those where malignancies are detected would add 6782 nondiscounted life years to this cohort. Table 2 lists the clinical outcomes for each strategy. The Bethesda guidelines approach (Strategy 1) identifies the fewest number of mutation carriers, whereas DNA testing of all persons with new colorectal cancer (Strategy 4) identifies the greatest number of carriers. Strategy 1 results in 85% fewer false positive MSI tests and 7% fewer false negative MSI tests than an alternative approach of testing all persons with new colorectal cancers for MSI (Strategy 2). Strategy 1 also results in far fewer false positive and negative DNA assays than the alternative strategies.
Alternatives to the Bethesda guidelines
DNA analysis of all new colorectal cancer cases (Strategy 4) identifies the greatest number of mutation carriers and yields the greatest number of life years gained compared to no testing. The Bethesda guidelines (Strategy 1) identify the fewest number of HNPCC mutation carriers and yields the least number of life years gained. MSI testing of all new cancers (Strategy 2) and DNA analysis for MMR mutations of those with personal and family history meeting the Bethesda guidelines (Strategy 3) have similar outcomes and are between Strategies 1 and 4 in terms of mutation carriers identified and years of life gained.
Economic Endpoints
The average cost per carrier detected using the Bethesda guidelines testing strategy was $15,787 (Table 3) . Expanding the proposed strategy to include costs and benefits for siblings and children greatly improves the cost-effectiveness of the program. Overall, screening siblings and children is cost saving, because the savings from intensive screening exceeds the costs of testing. The cost-effectiveness of Strategy 1 is $73,711 per life year gained when considering only costs and benefits for probands and $11,865 [90% CI: $8,005-$80,226] per life year gained when considering probands, siblings, and children. The cost-effectiveness of all alternative strategies was less favorable than Strategy 1 for identifying mutation carriers. Table 4 compares the incremental cost-effectiveness of each testing strategy to the alternatives, to no screening, and to the other approaches, with benefits for probands and relatives as the measure of effectiveness. Compared to the Bethesda guidelines, the incremental cost-effectiveness of the other strategies was unfavorable, with ratios ranging from $394,067 per life year gained to $2.6 million per life year gained. In other words, when compared to the Bethesda guidelines approach, the gain in life years for the population (probandϩrelatives) was small relative to the incremental cost for the more technology-intensive programs.
Sensitivity and uncertainty analysis
All programs were sensitive to the survival benefits from aggressive surveillance in mutation carriers without cancer and the prevalence of HNPCC in the population (Fig. 2) . Although the ordering of the two most influential parameters does not change, the relative influence of each parameter varies substantially from strategy to strategy. For example, in a worst-case scenario for the prevalence of HNPCC among individuals with newly diagnosed colorectal cancer (0.5% of new cases), the cost-effectiveness of the Bethesda guidelines is $21,478 per life year gained, whereas the cost-effectivenessness of DNA analysis for MMR mutations of all persons with new cancers is $552,880 per life year gained. The influence of the cost of the DNA analysis on the cost-effectivenessness of each strategy is much lower for Strategy 1 than it is for the other strategies. This is due to the fact that far fewer individuals are offered DNA analysis for mutations under Strategy 1 compared to the other alternatives. Figure 3 displays confidence ellipses for each strategy from the multivariate probabilistic sensitivity analysis. The expected outcomes for each strategy for the multivariate sensitivity analysis differ from the base-case results because the asymmetrical distributions of individual parameters lead to a slight shift in expected value between the confidence intervals and the ellipses. The ellipses overlap for Strategies 1 to 3, indicating that one cannot say with certainty that one strategy is clearly superior to another. Strategy 4 is clearly less cost effective than the other strategies.
DISCUSSION
In today's cost-conscious environment, it is important to consider both clinical and economic consequences of new screening programs. Because of their expense and social implications, this may be particularly true for screening programs that involve genetic testing. Screening for mutations linked to cancer susceptibility is not yet part of routine clinical practice. Because population-wide genetics-based screening is not yet feasible and may not be desirable due to privacy concerns, [41] [42] [43] experts in screening policy have focused on those with colorectal cancer as the initial point for considering genetic testing. Previous analyses suggest that this strategy is preferable when the population prevalence of the mutation is likely to be low. 10, 44 The economic efficiency of the Bethesda strategy will still be within what many consider reasonable at lower prevalence rates of HNPCC. This is not true for the other strategies, particularly those that bypass MSI analysis. Thus, from an economic standpoint, this article supports the role of MSI testing in identifying persons with HNPCC. 45 The sensitivity and specificity of MSI testing is variable, because the test exhibits a Receiver Operating Curve-type relationship, where sensitivity may be exchanged for specificity depending on the combination of microsatellite markers that are used to identify replication errors in the tumor DNA. Although the Bethesda criteria allow up to 10 markers if needed, we chose a 4-marker MSI test based on a balance of sensitivity and cost. 5 Recent studies suggest that immunohistochemical assay may be superior to MSI testing for identifying hMLH1 and hMSH2 protein products in colorectal tumors. 46 Our sensitivity analysis suggests that increasing the specificity of phenotype testing at a stable cost could substantially improve the cost-effectiveness of the Bethesda guidelines. Some laboratories now test for the MSH6 mutation in addition to MLH1 and a Each cell represents the difference in total costs divided by the difference in total benefits (life years gained) of the strategies compared on the row and corresponding column. For total costs and total benefits for each strategy, see Tables 2 and 3 .
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MSH2, although we do not include the added costs and potential change in specificity in this analysis.
Other clinical risk-assessment algorithms for identifying persons with HNPCC have been proposed, including the Amsterdam criteria, which uses more restrictive family history criteria than does the Bethesda guidelines. 8, 9, 47, 48 Comparing other strategies, including the Amsterdam criteria, Reyes and colleagues found that a mixed strategy including MMR mutation evaluation of those who meet the Amsterdam criteria and those who meet less stringent modified criteria and show high MSI was the most cost effective option. 49 From an economic perspective, the specificity of the initial clinical screening algorithm is critical, as it will reduce the number of false positive screenings, and thus the number of downstream follow-up tests for those who are HNPCC negative. To incorporate new knowledge about HNPCC, testing strategies, and technological advances, an update of the Bethesda criteria is underway. 50 Efforts to promote genetics education for primary care providers emphasize the use of family history as a triage tool in routine practice, to identify patients who might be candidates for early screening and/or genetic testing. 51 Our analysis does not address this approach to HNPCC detection. Some may question the choice to offer genetic counseling before mutation testing but not before MSI testing. We believe this approach accurately reflects current practice; however, we recognize a potential argument for some form of genetic counseling before MSI testing to alert the patient that the testing pathway leads to the potential outcome of a genetic diagnosis.
The cost-effectiveness of each strategy is highly dependent on our health system's ability to identify and test unaffected relatives of those found to be mutation carriers. There is less to gain from an HNPCC diagnosis for the colorectal cancer patient than for a relative who is not yet affected with cancer. The level of physicians' responsibility for ensuring that relatives of their patients know about their risk is not yet resolved. A New Jersey court case suggested that physicians might have an obligation to contact relatives directly to inform them of genetic risk; by contrast, a Florida ruling stated that a physician's duty was discharged by informing the patient of a genetic risk to family members. 52, 53 This issue is notably absent from the American Gastroenterological Association's recent position statement on hereditary colorectal cancer and genetic testing. 54 More research is needed to determine the most effective and efficient method for disseminating risk information to family members after a diagnosis of HNPCC is made, and the feasibility of using family history as a screening tool in primary care practice.
Clinicians may be troubled by the fact that of the four approaches we consider in this study, the Bethesda strategy "misses" the greatest number of mutation carriers. This issue is at the crux of the controversy between the economic and clinical perspective when evaluating diagnostic tests. Table 4 highlights the implications of choosing a strategy with higher sensitivity, in terms of the cost of adding an additional year of life for those being screened. This issue is worthy of debate. Our purpose has been to make explicit the clinical and economic consequences of alternative strategies.
We note several important limitations of the analysis. Some of the input variables are based on expert opinion. Our uncertainty analysis suggests that changing the values of these variables will not influence the rank of cost-effectivenessness outcomes of each strategy, although the magnitude of difference Fig. 2 One-way sensitivity analysis demonstrating the most influential parameters for each screening strategy. For a description of each strategy, see Figure 1 and the text. Vertical line is set at $50,000 per life year saved, a commonly used threshold to judge whether medical interventions are considered cost-effectiveness. 55 a Includes personal and family history as outlined in the Bethesda guidelines (Table 1) . may change. For the multivariate analysis, the large ranges and, more importantly, assumed independence of the individual parameters lead to rather large predictive regions in the cost/ effectiveness space. If it were possible to specify the correlation between parameters, these regions (and thus the overall uncertainty) could be reduced. This analysis does not consider indirect costs associated with screening, such as the cost of job discrimination as a result of screening. Although important, including these costs are not likely to influence the ranking of the strategies.
Strategies that start with MSI testing of all persons regardless of history and those that bypass MSI testing altogether are also reasonably cost-effectiveness and not beyond a range of uncertainty at which options would be clearly inferior to the Bethesda guidelines strategy. The benefit of intensive surveillance and the population prevalence of HNPCC are important issues influencing the cost-effectiveness of all strategies. If the true prevalence of HNPCC mutations and the benefits of surveillance are lower than current estimates, then this will further favor the Bethesda guidelines from an economic perspective, as the cost-effectiveness of this strategy is less influenced by changes in the estimates than are the other approaches. Fig. 3 Cost-effectiveness confidence ellipses for alternative HNPCC screening strategies. Ellipses represent the degree of uncertainty across a cost-effectivenessness plane (95% confidence intervals). Plane displays the difference in costs (y-axis) and the difference in benefits (x-axis) for each strategy compared to standard care (no screening). Points in the middle of each ellipse represent the expected outcome for each strategy. Lines connecting two strategies represent the incremental cost-effectivenessness of one strategy versus another. Slopes closer to horizontal are more cost effective. For a description of each strategy, see Figure 1 and the text. 
